INTRODUCTION
Many airplanes, both military and commercial, have exceeded their original design service lives. For such aging structures, the presence ofhidden darnage can severely Iimit their performance. It is important to monitor the progress of darnage to ensure the safety and integrality of these structures. Typical darnage can be several types of corrosion and fatigue cracking. Lap-joints trap maisture and air and are initiation sites for corrosion. These sites are potentiallocations for wide spread fatigue damage. Generally, corrosion can cause materiallass and thickness reduction, which can be detected by non-destructive ultrasonic methods. Conventional methods require point-by-point inspection, which is a time-consuming process. Guided waves, which direct wave energy in the plate, carry information about the material in their path and offer a possible more efficient tool for non-destructive inspection of materiallass or thickness reduction. Using a pitch-catch technique, in which one transducer sends a guided wave in a plate structure and a second transducer picks up the signal at a different position, guided waves can be launched and detected to inspect plate-like structures, line by line, thus increasing the inspection efficiency by an order of magnitude. Also, when guided waves pass through a region with material loss, some energy would be reflected back. By studying the characteristics ofthe reflected waves, information about materiallass can be obtained.
Theoretical and experimental investigations involving guided waves in ultrasonic non-destructive evaluation are limited. The interaction ofLarnb waves with a free edge was first studied by Torvik [1] . A variational technique was used to derive the modal coefficients. In addition, the partition of energy between different modes above the first cutofffrequency was studied. Using the projection method, Gregory and Gladwell [2, 3] studied the free edge reflection problern and extended the frequency range investigated by Torvik [1] . In both cases, the first symmetric mode Lamb wave was used as the incident wave. The anti-symmetric case was not considered in either study. The interaction between wave modes and other defects was only studied numerically using a finite element metbad [4] or using a hybrid metbad [5] . Some experiments were also conducted by Alleyne and Cawley [4] .
In this study, as a first step in modeling the interaction between plate guided waves and a lap-joint with hidden defects in, the free edge problern was studied both theoretically and experimentally. Theoretically, a hybrid method called the globallocal finite element method was used. Experiments in which Lamb waves are reflected from the free edge of a plate were also carried out. In addition, simulated defects were introduced close to the free edge ofa plate to study the effect ofthickness reduction on wave motion. The results from the theoretical method and the experiments are compared and discussed here.
THE THEORETICAL MODEL
In this section a hybrid method, called the globallocal finite element method, is used to solve the problern of the reflection of a Lamb wave from the free edge of an isotropic serni-infinite plate for both symmetric and anti-symmetric cases. The globallocal finite element method combines a local finite element analysis with an analytical global function representation ofthe far field. The serni-infinite plate is divided into two parts by the mesh boundary ( Figure 1 ). The region between the mesh boundary and the free edge ofthe plate is analyzed by the finite element method, while the behavior ofwaves in the serni-infinite plate on the left side ofthe mesh boundary is represented by Lamb wave modal expansions. Application of the continuity conditions across the mesh boundary Ieads to a system of over-deterrnined, complex, linear equations, which is solved by the least square method. The details of the method can be found in [ 6] . The mesh boundary is located at a distance often times the plate thickness away from the free edge. A typical mesh ofthe region analyzed by the finite element method is shown in Figure I .
The fundamental symmetric and anti-symmetric modes are used as incident waves. For each case, both symmetric and anti-symmetric modes are included in the global functions. Clearly, an incident symmetric mode is reflected as symmetric modes only and an M~sh Boundary Figure 1 . The geometry of the edge reflection problem.
!54
anti-symmetric mode is reflected as anti-symmetric modes. Moreover, in the frequency range below the first cutoff frequency, only the fundamental mode is reflected, and the amplitude is the same as that of the incident wave. At higher frequencies, higher modes are induced in addition to the fundamental mode.
Figures 2 and 3 show the energy distribution of the reflected waves for symmetric and anti-symmetric incident waves, respectively. The material properties used in the numerical calculation are shown in Table 1 .
As indicated earlier, the symmetric case had been solved by other researchers, Torvik [1] , Gregory and Gladwell [3] , using alternate methods. Both used a Poisson's ratio of0.25 in their calculation. Their results are reproduced here using the globallocal finite element method and shown in Figure 4 . As shown by Freedman [7] , the features ofthe frequency spectrum ofthe Lamb waves vary with Poisson's ratio. We found that the details of energy distribution are also sensitive to variations in the Poisson' s ratio. It can be seen that the features of the spectra in Figures 2 and 4 are quite different. The energy carried by mode 1 approaches 1 at the first symmetric cutoff frequency in Figure 2 , but goes to zero in Figure 4 . It goes to zero at the second symmetric cutofffrequency in Figure 2 , but goes to 1 in Figure 4 . Similar results can be seen for mode 2. After the second symmetric cutoff frequency, the energy carried by mode 2 is almost zero in Figure 4 , but in Figure 2 , mode 2 still plays significant roJe.
The vertical displacements on the top surface derived from the hybrid method for both symmetric and anti-symmetric cases are shown in Figure 5 . It is found that in the frequency range lower than the first cutofffrequency, the reflected waves have a 180-degree phase shift compared to the incident wave for the symmetric case, as shown in Figure 6 . For the anti-symmetric case, the phase shift is 90 degrees, but it changes as the frequency approaches the first cutofffrequency, 0.97MHz, for the anti-symmetric case. For the symmetric case, the phase shift changes near 1. 48MHz, the resonant edge resonance, as shown in Figure 6 . This phenomenon was also described by Torvik [1] . At frequencies weil below the first cutofffrequency, the displacement is pure imaginary for the symmetric case, as shown in Figure 5 . For the anti-symmetric case the real and imaginary parts ofthe displacement are equal, as shown in Figure 5 . Bothofthese cases represent standing waves. It can also be seen that for the anti-symmetric case, the displacement is !arger at the free edge and becomes sinusoidal at distances away from the free edge. This is because the non-propagating modes are also induced when the incident wave hits the free edge; their influence decreases with distance from the free edge. On the contrary, the displacement at the free edge is almost zero for the symmetric case. This is because the symmetric nonpropagatins modes have very little effect on the reflected field and the incident and reflected propagating modes cancel each other at the free edge. As the frequeney goes up near and beyond the first eutoff frequeney, the displaeement pattem becomes mueh more complicated.
An interesting feature ofthe solution is the existence ofresonant frequency. It is about 1.48 MHZ for the symmetric case. The vertical displacement at the resonant frequency is shown in Figure 7 . lt can be seen that the displacement at the free edge is about 7 times higher than the peaks at a distance away from the free edge.
EXPERIMENT AL RESUL TS AND DISCUSSION
The experimental setup is shown in Figure 8 . A train of cosine waves modulated by a Gaussian envelope is generated by the programmable function generator. The wave train is then sent to both the Fracture Wave Detector and the amplifier. The amplified signal is sent to a wedge transducer. Theoretically, by adjusting the incident angle ofthe wedge transducer, we can generate various Lamb wave modes in the plate. The incident angle is related to the phase velocity ofthe desired mode by Snell's law,
where 6inc is the incidence angle, V wedge is the P-wave velocity in the plastic shoe ofthe wedge transducer, and Vphaoc is the phase velocity ofthe Lamb wave mode. Assume, for example, that we want to generate the fundamental symmetric mode at 1 MHZ-mm. The phase velocity then is about 5.3 mrnljlsec, and the wave velocity in the wedge is about 2. 72 mrnl1.1sec. So, from Equation (1), the incidence angle needed to generate the fundamental symmetric mode is about 30.9 degrees. A contact type transducer is used as the receiver. The received signal is then sent to the Fracture Wave Detector, which sends the signals collected from both the function generator and the receiver to a computer for storage and analysis.
We used a square aluminum plate ofthickness 1.588 mm and dimension 40 x 40 cm 2 to conduct the experiment. Figure 9 shows the signals received by the receiver, as shown in Figure 8 . The first arrival, as shown in Figure 9 , was used as the incident wave to the free edge. To analyze the reflection analytically, we used a Fast Fourier Transform (FFT) program to transform the time history of the source to the frequency domain, shown in Figure 10 . Then we used the hybrid method described previously to construct the spectrum ofthe reflected wave, also shown in Figure 10 . The spectrum was constructed by performing the globallocal finite element analysis at every 10 KHz. Finally, the reflection spectrum was multiplied by the source spectrum and then transformed back to the time history by using the inverse FFT. The resulting time history is shown in Figure 10 . Comparing the results of the experiments and the theoretical method, it can be seen that the amplitude of the reflection derived by the hybrid method is higher than the amplitude recorded in the experiment. The wave train generated by the function generator is not exactly a 2-dimensional wave, the energy dissipates in all directions instead of propagating in one direction. So the amplitude of the received signal is not as big as what we derived from the hybrid method. However, the waveforms ofthe two results are very similar, and the wave velocities calculated for the two results are both approximately 5.3 mm/Jlsec.
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